Xylanase J (XynJ) from alkaliphilic Bacillus sp. 41M-1 is an alkaline xylanase. The crystal structure has been solved with XynJ. Improvement of the alkaliphily of XynJ was attempted by amino acid substitutions. Reinforcing the characteristic salt bridge in the catalytic cleft and introducing excess Arg residues on the protein surface shifted the optimum pH of the wild-type enzyme from 8.5 to 9.5.
Xylan, the major component of hemicellulose, has a backbone of -1,4-linked xylopyranose units. Xylanase (1,4--D-xylan xylanohydrolase; EC 3.2.1.8) catalyzes the hydrolysis of -1,4 bonds of xylan to generate xylooligosaccharides and xylose. Various applications of xylanases in the bioconversion, food, and feed industries have been suggested. 1) Since the solubility of xylan in aqueous solutions increases at alkaline pHs, xylanases active under alkaline conditions are required for industrial applications.
Previously, we have isolated alkaliphilic Bacillus sp. 41M-1 from a soil sample.
2) The strain produced a xylanase that had an alkaline pH optimum. The enzyme, named xylanase J (XynJ), consists of two functional domains: a glycoside hydrolase (GH) family 11 catalytic domain and a xylan-binding domain (XBD) belonging to carbohydrate-binding module family 36 (http: //www.cazy.org/index.html). Mutational analysis of the catalytic domain revealed some amino acid residues that contribute to catalytic activity. 3) Structural comparison of GH family 11 alkaline xylanase (Xyn11) from Bacillus agaradhaerens with neutral xylanases revealed that there was a characteristic salt bridge network in Xyn11. 4) Recently, we have solved the crystal structures of XynJ in two crystalline forms obtained from pH 6.5 and pH 8.0 (PDB ID: 2DCJ and 2DCK, respectively) (manuscript in preparation). There was also the same characteristic salt bridge network found in Xyn11 (formed by Glu16, Arg48, Lys52, and Glu177). Moreover, an additional salt bridge (formed by Asp14 and Lys51) characteristic in alkaline xylanases was discovered in XynJ. All these salt bridges located in the catalytic cleft. Previous study showed that mutants XynJ D14N (Asp14 of XynJ was substituted by Asn), XynJ E16Q , and XynJ E177Q exhibited acidophilic shifts in optimum pH.
3) These results suggest that the characteristic salt bridges existing in the catalytic cleft could contribute to the alkaliphily of XynJ.
Amino acid sequence comparisons between alkaline and high-alkaline serine proteases suggested that highalkaline adaptation would be accompanied by an increase in the number of Arg and neutral hydrophilic amino acids residues and also by a decrease in Lys and negatively charged amino acids. 5) Some mutant enzymes were prepared from Trichoderma reesei xylanase II by introducing excess Arg residues on its protein surface. 6) The two mutants in which five amino acids on the Ser/Thr surface were substituted by Arg exhibited pH optima of 6-7, whereas the optimum pH of the wild-type enzyme was around 5-6. Moreover, the temperature optima of these mutants increased by 5 C compared to the wild-type enzyme.
In this study, we achieved an improvement of the alkaliphily of XynJ by reinforcing the characteristic salt bridges in the catalytic cleft. In addition, further improvement of alkaliphily was attempted by introducing excess Arg residues on the Ser/Thr surface.
An XBD-deleted derivative of XynJ, ÁXBD, was used as a parent enzyme for the mutational study. ÁXBD consisted of the catalytic domain only and corresponded to Ala1-Pro222 of XynJ. To reinforce the salt bridges, the concerned Lys51 and Lys52 were substituted by Arg. Furthermore, Ser26, Thr34, Asn74, Asn76, and Asn192 at the Ser/Thr surface were selected for substitutions according to the mutants of T. reesei xylanase II. Amino acid substitutions of these five residues by Arg were introduced into ÁXBD and ÁXBD K51R to construct ÁXBD R5 and ÁXBD K51R/R5 , respectively. The positions of the substituted amino acids, Ser26, Thr34, Lys51, Asn74, Asn76 and Asn192, are shown on the three-dimentional structure of ÁXBD (Fig. 1) .
y To whom correspondence should be addressed. Fax: +81-45-924-5837; E-mail: snakamur@bio.titech.ac.jp Abbreviations: GH, glycoside hydrolase; XynJ, xylanase J; XBD, xylan-binding domain; U, unit Biosci. Biotechnol. Biochem., 73 (4), [965] [966] [967] 2009 Note Expression plasmid pET-ÁXBD, 7) encoding ÁXBD, was used in this study. Site-directed mutations were introduced into pET-ÁXBD using QuikChange SiteDirected Mutagenesis Kit (Stratagene, La Jolla, CA) to construct expression plasmids encoding ÁXBD K51R and ÁXBD K52R . The oligonucletide primers used for the mutagenesis were as follows: 5 0 -C CGT AAA GGA AgA AAG TTT GAT GAG ACt CAg ACT CAT CAA CAA TTG G-3 0 (small letters and underlining represent substituted bases and a restriction site created for confirmation of mutagenesis, respectively) and its complementary sequence for the mutation K51R, and 5 0 -C CGT AAA GGA AAA AgG TTT GAT GAG ACt CAg ACT CAT CAA CAA TTG G-3 0 and its complementary sequence for K52R. Expression plasmids encoding ÁXBD R5 and ÁXBD K51R/R5 were constructed by overlap extension 8) and NON-PCR temperature cycling methods 9) using pET-ÁXBD and pET-ÁXBD K51R as templates, respectively. Briefly, the mutations T34R, N74R, and N192R were introduced first using the primers as follows: 5 0 -ATG ACA TTA AAT AGT GGA GGC AgA TTT AGT GCT CAA T-3 0 for T34R (sense), 5 0 -GGT GCC ACT TAC Agg CCT AAT GGg AAt TCC TAT TTA ACT G-3 0 and its complementary sequence for N74R, and 5 0 -GT TAA GGT ATT GCT gTA tAC ccT TGC GCT CCC GC-3 0 for N192R (antisense). Next, mutations S26R and N76R were further introduced using the primers as follows: 5 0 -G GAC AGC GGT GGa TCC GGA AGa ATG ACA TTA AAT AGT GGA-3 0 for S26R (sense) and 5 0 -GA ATT CCC ccT AGG ccT GTA AGT GGC ACC ATA aTT AAT GGA CA-3 0 for N76R (antisense). The expression plasmids were transformed into Escherichia coli BL21(DE3). The transformants were cultured at 37 C on LB broth containing 50 mg/ml of ampicillin. When the optical density at 660 nm of the culture reached 0.6, 1.0 mM isopropyl--D-thiogalactopyranoside was added to induce gene expression. The transformants were further cultured at 37 C for 3 h and harvested by centrifugation at 7;000 Â g and 4 C for 10 min. Cells containing pET-ÁXBD, pET-ÁXBD K51R , or pET-ÁXBD K52R were suspended in 10 mM KH 2 PO 4 -NaOH buffer (pH 7.0), whereas cells containing pET-ÁXBD R5 or pET-ÁXBD K51R/R5 were suspended in 10 mM citrate-NaOH buffer (pH 5.0). These suspensions were sonicated and centrifuged at 20;400 Â g and 4 C for 10 min to prepare cell extracts. The cell extracts containing ÁXBD, ÁXBD K51R , and ÁXBD K52R were applied to a DEAE-Toyopearl 650M (Tosoh, Tokyo, Japan) column (bed volume, 1.0 ml) that had been equilibrated with 10 mM KH 2 PO 4 -NaOH buffer (pH 7.0), whereas the cell extracts containing ÁXBD R5 and ÁXBD K51R/R5 were applied to a CM-Toyopearl 650M (Tosoh, Tokyo, Japan) column (bed volume, 1.0 ml) that had been equilibrated with 10 mM citrateNaOH buffer (pH 5.0). Each column was washed with 3.0 ml of the same buffer and then eluted with a linear gradient of 0-2.0 M NaCl in 1.0 ml of the same buffer. The enzyme fractions were identified on SDS-polyacrylamide gel electrophoresis 10) followed by staining with Coomassie Brilliant Blue R-250. Xylanase activity was determined using 1.5% (w/v) birchwood xylan (Sigma, St. Louis, MO) as a substrate. The effect of pH on activity of each enzyme was assessed at 37 C for 10 min in 80 mM citrate-NaOH buffer (pH 4.0-6.0), KH 2 PO 4 -NaOH buffer (pH 6.0-8.0), borate-KCl-NaOH buffer (pH 8.0-10.0), and NaHCO 3 -NaOH buffer (pH 10.0-11.0). In the case of analyzing the temperature profile, the reaction was done at various temperatures for 10 min in 80 mM borate-KCl-NaOH buffer (pH 8.5). The reducing sugars liberated from xylan were measured colorimetrically by the 3,5-dinitrosalicylic acid method.
2) One unit (U) was defined as the amount of enzyme that released reducing sugars equivalent to 1 mmol of xylose per min. The protein concentrations were estimated by the Lowry method (DC Protein Assay; Bio-Rad, Hercules, CA) with bovine serum albumin as a standard.
Xylanase activity was assessed at various pHs and 37 C. Wild-type ÁXBD showed a broad pH profile and the highest activity at pH 8.5 (Fig. 2) . Mutant ÁXBD K51R exhibited somewhat higher specific activity than ÁXBD in a broad range of pH and had a pH The positions of substituted amino acids in mutant ÁXBD K51R/R5 are shown. Lys51 forms one of the characteristic salt bridges in the catalytic cleft with Asp14, whereas Ser26, Thr34, Asn74, Asn76, and Asn192 locate on the Ser/Thr surface. showed lower activity at alkaline pHs compared to ÁXBD, and had a pH optimum of 8.0. These results indicate that reinforcement of the characteristic salt bridge formed by Asp14 and Lys51 caused an alkaliphilic shift in optimum pH. The reinforcement of this salt bridge increased the stability of cleft structure at alkaline pHs, and thus resulted in improvement of alkaliphily. In the case of mutant ÁXBD K52R , the salt bridges might not be formed correctly, especially at alkaline pHs. As a result, ÁXBD K52R exhibited an acidophilic shift in optimum pH. Further studies need to be conducted to clarify why ÁXBD K52R has rather higher activity at neutral pHs compared to ÁXBD.
Mutants ÁXBD R5 and ÁXBD K51R/R5 showed about 50% activity of that of ÁXBD and had pH optima of 9.0 and 9.5, respectively (Fig. 2) . These results suggest that the introduction of five Arg residues on the protein surface could also improve the alkaliphily of ÁXBD. It is noteworthy that the optimum pH of ÁXBD was successfully shifted from 8.5 to 9.5 by combining the two methodologies presented in this study.
Enzyme activity was assayed at various temperatures in 80 mM borate-KCl-NaOH buffer (pH 8.5). As shown in Fig. 3 , ÁXBD was most active at 55 C. Mutant ÁXBD K51R exhibited almost the same temperature profile and temperature optimum as ÁXBD. On the other hand, the temperature optima of mutants ÁXBD R5 and ÁXBD K51R/R5 were both 60 C. Although these mutants showed lower specific activity than ÁXBD at 37-60 C, they showed apparently higher activity at 65 C. These results indicate that the introduction of excess Arg residues on the protein surface increased the thermostability of ÁXBD. 
